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Introduction:  Current Martian conditions restrict 
the presence of liquid water due to low temperatures (~ 
210K), a thin atmosphere (~7mb), and intense UV ra-
diation. However, past conditions on Mars may have 
been different with the possibility that the ancient Mar-
tian climate was warm and wet with a dense CO2 at-
mosphere [1].  
The cycling of carbon on Mars through atmospher-
ic CO2 and carbonate minerals is critical for decipher-
ing its climate history. In particular stable isotopes 
contained in carbonates can provide information of 
their origin and formation environment as well as pos-
sibly hinting at the composition of global reservoirs 
such as atmospheric CO2. 
Martian meteorite ALH 84001 contains widely 
studied carbonate rosettes that have been dated to ~3.9 
Ga [2] and have been used to interpret climatic condi-
tions present at that time [3]. However, there is mount-
ing evidence for multiple episodes of carbonate for-
mation in ALH 84001 [4, 5] with potentially distinct 
isotopic compositions. This study seeks to tease out 
these different carbonate assemblages using stepped 
phosphoric acid dissolution and analysis of carbon and 
triple oxygen stable isotopes. In addition, we report 
SIMS analyses of the δ18O several petrographically 
unusual carbonate phases in the meteorite. 
Materials and Methods: A slice (~1g) of 
ALH84001-214 was ground to fine powder and divid-
ed into two subsections. Comminuted samples were 
reacted with concentrated H3PO4 in the side arm of 
reaction vessels that were evacuated for 4 days to ~10
-
6
Torr. Surface impurities were removed by allowing 
acid to react with the sample for 1 hour at ambient 
temperature (25
o
C). Gas released was collected at -
196
o
C after passing through two traps (ethanol slush at 
-60
o
C to remove any traces of water). After CO2 ex-
traction  samples were allowed to react with acid for 
12 h at 25 + 1
o
C to extract next batch of CO2 from the 
calcite fraction. The carbonate sample was heated for 
3h at 150 + 
o
C and CO2 collected following above pro-
cedure. CO2 gas was reacted with BrF5 at 780 + 10 
o
C 
for 48h and O2 gas purified chromatographically [6] to 
allow multioxygen isotopic measurements. Carbon and 
O triple isotopic composition was measured using iso-
tope ratio mass spectrometer [6].  
Ion microprobe oxygen isotope measurements were 
obtained from two separate thin sections of ALH 
84001 (,302 and ,303) using the CAMECA ims 6f at 
Arizona State University and the CAMECA ims 1270 
at the University of California at Los Angeles.   
Results: The acid dissolution results yielded O-
triple isotopic data with an excess
17
O (17O= 0.7‰)§  
in both carbonate fractions (Fig. 1) with the Ca rich 
phase δ17O =14‰, δ18O = 25‰ and Fe-Mg-Mn rich 
phase δ17O =12‰, δ18O = 21‰. The Fe-Mg-Mn rich 
fraction of carbonates (3h acid digestion at 150
o
C with 
δ13C =39‰) is 18‰ heavier in δ13C than the Ca-rich 
phase (12h acid digestion at 25
o
C, δ13C =20.27‰) af-
ter removal of surface impurities (1 hr acid digestion at 
25
o
C).  
Nearly pure Ca-rich carbonates identified in thin 
section were analyzed using ion microprobe which 
obtained δ18O values of 16.5‰ and 20.3‰ with 2σ 
uncertainties of ±2‰  (Fig. 2). 
Discussion: The high temperature acid dissolution 
step likely sampled an Fe-, Mg-rich carbonate compo-
sition, and the isotope values measured in this step 
correspond to those measured previously in Δ17O, 
δ13C, and δ18O [7, 8]. However, the low temperature 
dissolution step likely sampled Ca-rich carbonate with 
isotopic compositions that differ from those measured 
previously in this meteorite. Nearly all Ca-rich car-
bonates previously measured by ion microprobe analy-
sis possess δ18O values less than 10‰ [5, 9-11] while 
our acid dissolution measurement measured a δ18O of 
+25‰ (Figure 1). Furthermore, we measured a signifi-
cant Δ17O anomaly in this carbonate fraction confirm-
ing a likely martian origin [12]. The presence of a dis-
tinct population of δ18O rich carbonates is further sup-
ported by the ion microprobe measurements which 
revealed δ18O-rich Ca-rich phases with unusual petro-
graphic relationships. These Ca-rich carbonates occur 
as isolated domains inside of a Mg-rich carbonate ma-
trix (Fig. 3). This departure from the typical rosette 
morphology suggests a separate aqueous precipitation 
event [4]. The Ca-rich carbonates also possess carbon 
isotope compositions which are substantially lower 
than those measured in the more abundant carbonate 
rosettes. The δ13C measured in the Ca-rich phase is 
+20.27‰ compared to the range of δ13C measured by 
                                                                
§ Excess 17O (17O =  17O  0.524 18O) in carbonates. 
Here 17O= 103 ln(1+ 17O/103) and 18O= 103 ln(1+ 
18O/103). 
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ion microprobe of +27 to +64‰ [13] with an average 
composition near +40‰ [8]. 
These differences in carbon isotope composition 
between carbonates deposited in distinct events sug-
gest that either the different carbonate formation events 
sample different carbon reservoirs or that the isotopic 
composition of the carbon reservoir is changing with 
time. The only known carbon reservoir with the poten-
tial to have δ13C values of +20‰ or above is the mar-
tian atmosphere which could potentially have become 
enriched in 
13
C through atmospheric loss [14].  
 
Fig. 1. Oxygen triple isotopic composition (a) O- carrying reservoirs, 
CO3 (ALH84001 this study), SNC CO3 and silicate (Farquhar et al., 
2000), mineral water from SNC meteorites[16]. The insert shows 
slight offset of water O-isotopic composition from terrestrial frac-
tionation line with Δ17O ~ 0.52 δ18O. Red circles denote CO3, blue 
square = silicate, open triangle= mineral water released during py-
rolysis at 600 oC, filled triangle = mineral water relased at 1000 oC.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Both the Ca-rich and Fe-Mg-Mn rich phases pos-
sess 0.7‰ O-isotopic anomaly, and 18O varies by 4‰ 
between the two phases, suggesting that processes re-
sponsible for generating the O-isotopic anomaly of the 
hydrosphere and atmosphere.  The  interaction of 
anomalous CO2 with surface adsorbed water on miner-
al grains to generate m sized carbonates  is known to 
occur on aerosol surfaces in terrestrial environment[6] 
and may be relevant on Mars, especially if water is 
limited. 
Fig-
ure 3. Backscattered Electron image of Ca-rich carbonates 
showing their unusual petrographic relationships. The most 
Ca-rich carbonates are the brightest material on the upper 
(inner) edge of the carbonate material in the image. Fs = 
feldspathic glass, Si = silica glass, and BC = black carbonate 
from [5]. Image adapted from [5]. 
This suggests, therefore, that atmospheric 
evolution is the source of the carbon isotope differ-
ences between the Ca-rich phase measured in this 
study and the more widely studied rosettes. Without 
knowing the age of the Ca-rich carbonates measured in 
this study it is difficult to make firm conclusions, how-
ever, a potential record of the δ13C evolution of the 
martian atmosphere may be constructed between the 
carbonates in ALH 84001 and the recent measurements 
of the modern atmosphere [15]. This suggests that the 
early atmosphere of Mars was enriched in 
13
C through 
atmospheric loss processes to about +30‰ or greater. 
This is the atmospheric reservoir sampled by the car-
bonate rosettes. Later, the δ13C of the atmosphere was 
lowered to near 10‰ which is the reservoir sampled by 
the Ca-rich carbonates measured in this study. Finally 
the modern atmosphere has obtained a δ13C value of 
about -2‰ which may reflect the effects of volcanic 
degassing and carbonate formation [15].   
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Fig. 2. Ion Microprobe measurements of ALH 84001 carbonates 
compared to new ion microprobe data reported in this study. The 
new data have more Ca-rich compositions than have been previously 
measured, and also show enriched δ18O values.  
